Bovine seminal ribonuclease (BS-RNase) is a homodimeric enzyme strictly homologous to the pancreatic ribonuclease (RNase A). Native BS-RNase is an equilibrium mixture of two distinct dimers differing in the interchange of the N-terminal segments and in their biological properties. The loop 16-22 plays a fundamental role on the relative stability of the two isomers. Both the primary and tertiary structures of the RNase A differ substantially from those of the seminal ribonuclease in the loop region [16] [17] [18] [19] [20] [21] [22] Structural prediction of the loop regions in proteins is an important step for modeling homologous proteins on the basis of the known structure of a parent molecule (1). For a short loop, a widely used approach to this problem consists in finding all possible conformations of the peptide, properly connecting the endpoints of the loop. The generated conformations are then energy-minimized to provide an energetic criterion to select the correct structure. An algorithm to produce chain closures, in a rigid geometry approximation, was described by Go and Scheraga (2) and recently updated by Palmer and Scheraga (3, 4) . The latter authors also made a detailed comparison of the various methods proposed in the literature and pointed out some advantages of using the fixed geometry approach.
Structural prediction of the loop regions in proteins is an important step for modeling homologous proteins on the basis of the known structure of a parent molecule (1) . For a short loop, a widely used approach to this problem consists in finding all possible conformations of the peptide, properly connecting the endpoints of the loop. The generated conformations are then energy-minimized to provide an energetic criterion to select the correct structure. An algorithm to produce chain closures, in a rigid geometry approximation, was described by Go and Scheraga (2) and recently updated by Palmer and Scheraga (3, 4) . The latter authors also made a detailed comparison of the various methods proposed in the literature and pointed out some advantages of using the fixed geometry approach.
A particularly interesting case for the application of the method is provided by the heptapeptide 16-22 (henceforth referred to as hinge peptide or HP) of ribonucleases (5) . In these proteins HP has the unique role of directing different folding of the polypeptide chain, producing isomeric structures in slow equilibrium in solution. In pancreatic ribonuclease (RNase A) (6) , HP connects the 1-15 N-terminal tail (T domain) to the body of the molecule (B domain), encompassing residues 23-124 (Fig. 1) . The T and B domains are tightly packed and interact by means of several hydrogen bonds. The active site is located at the T/B interface, and each domain carries one of the two histidines (His-12 and His-119) essential for the enzymatic activity. Bovine seminal ribonuclease (BSRNase) is a homodimer, more than 80% identical to the pancreatic enzyme, with two chains linked by two consecutive disulfide bridges (ref. 7 and references therein). Four modifications are located in the region [16] [17] [18] [19] [20] [21] [22] (-Ser-Thr-Ser-AlaAla-Ser-Ser-and -Gly-Asn-Ser-Pro-Ser-Ser-Ser-for pancre-
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FIG. 1 . CA carbon atom stereo drawing of RNase A (thick lines) and one chain of the MXM dimer of BS-RNase (thin lines). Best superpositions using the B domain. In the dimer, the T domain of BS-RNase interacts with the body of the partner chain.
atic and seminal enzymes, respectively), where an important substitution is Pro for Ala in position 19. As expected on the basis of their chemical and functional properties, the threedimensional structure of the two enzymes also bears a strong similarity (8, 9) . However, the chains of BS-RNase (Fig. 2) have the T domains interchanged with respect to their B domains (8, 9) . The T/B interactions remain essentially the same as in the pancreatic enzyme, but the two interacting domains belong to different chains; thus, residues lining each active site are from different chains, with His-12 matching His-119 of the other chain and vice versa. Compared with RNase A, the interchange of T domains requires a large conformational change, which is strictly limited to the HP. A monomeric derivative of BS-RNase was found to be fully active (10) . Since a functional active site for the monomer can be obtained only if the T domain is folded back on the body of its own chain, the detected activity indicates that the HP of the seminal enzyme can adopt a conformation similar to that found in RNase A. D'Alessio and coworkers (11) also showed that the native dimeric enzyme is a mixture of a dominant species MXM, having the features found in the crystalline state (9) , and a minor isomeric component M=M, which does not have the T domains interchanged; therefore, the pancreatic RNase-like folding of the HP should also be present in the latter dimer. Interestingly, the two dimeric species have distinct functional properties: the MXM dimer exhibits negative cooperativity (12) and strong antitumoral activity (23) whereas both properties are absent from the M=M dimer (11, 23) . A comparison of the three-dimensional structures of RNase A (13) and of the dimer MXM of BS-RNase (9) strongly suggests that the structural differences between MXM and M=M should be confined to the hinge peptides, which can join the T and B domains along two alternative paths. Therefore, it is of interest to acquire a deeper understanding of the conformational propensities of the HP and investigate the importance of various residues in this loop in terms of their ability to stabilize either folding of this peptide. refinement of protein structures, is particularly well suited for this purpose, as the weights of each stereochemical residual can be varied independently. For this idealization procedure, we have changed the PROLSQ ideal geometrical values, expressed in terms of 1-2 and 1-3 distances, to the values of the ECEPP/3 standard data set and we have also introduced a few additional restraints (1-4 and 1-5 distances) to force the trans-and cis-proline residues to assume the regular geometry used in ECEPP/3. The results of this procedure applied to BS-RNaset are summarized in Table 1 .
Since the diffraction data are available for only a limited number of proteins, we also developed a procedure in case only the coordinates are known. In the refinement, the crystallographic residual was replaced by a penalty harmonic function, which restrains the current model to the x-ray coordinates. This strategy was applied to RNase A coordinates,t and a summary of the results is also reported in Table 1 .
At this stage, dihedral angles from the refined coordinates of BS-RNase and RNase A were used to build fully standardized models with the ECEPP/3 geometry, already very close to the x-ray coordinates. Hydrogens were then added on stereochemical grounds. Finally, a restrained energy-minimization, which included the harmonic penalty term to the x-ray coordinates, lowered to a satisfactory level the final total energy and the rms deviation of non-hydrogen atoms from the corresponding x-ray structure. In the fitting step, the two chains of BS-RNase were treated independently.
The loop closures of the studied regions were generated by using the LOOP program developed by Palmer and Scheraga (3). The program was updated to take into account the modifications implemented in the ECEPP/3 program. A fiveresidue chain deformation, in which the w angles are fixed and 4 and qi are allowed to vary, presents 10 degrees of freedom along the backbone (9 when a proline is present). Since 6 of them can be derived by the condition of the closure (dependent degrees of freedom), a grid search has to be performed on the remaining independent angles. This search was carried out by sampling the independent angles at every 200 (100 for a proline) in the allowed regions of the Ramachandran plot. The resulting conformations were energy-minimized by using tAtomic coordinates of RNase A were taken from the Protein Data Bank, Brookhaven National Laboratory (code 5RSA). Coordinates and structure factors for BS-RNase are available from the same source (code lBSR and RlBSRSF, respectively). SUMSL algorithm (16) , varying all the dihedral angles not only of the loop residues but also of the adjacent residues. Since the two HPs of BS-RNase did not strongly interact with the rest of the protein, to save computing time the energy-minimization was performed in the field of residues 10-28. On the other hand, the HP of RNase A strongly interacts with several regions of the protein and, therefore, the whole molecule was included in the energy minimization. The side chains of the five-residue loop were truncated after the C3 atoms, except for proline. Loop conformations having atomic overlaps with the rest of the protein (distance between two atoms less than 1.3 A) or having dependent dihedral angles falling in disallowed regions of the Ramachandran map were not energyminimized.
RESULTS AND DISCUSSION
Standardization. The data in Table 1 indicate the high degree of idealization of BS-RNase model, at the end of 80 cycles of least-squares minimization. The rms deviation from the corresponding ECEPP/3 values was less than 10-3 A for bond distances and less than 0.01°for bond angles. All prolines presented the value of 4 required by ECEPP. The almost exact standardization of the x-ray model was achieved with only 0.24-A rms displacement of the atomic coordinates (0.17-A for main-chain atoms) from the starting set and a small variation of the main-chain dihedral angles. On the other hand, the expected parallel increase of the crystallographic R factor from 0.178 to 0.248 was reasonably low, indicating that the highly standardized model also fits the x-ray data satisfactorily. Similar results were obtained for RNase A idealization, in which the diffraction data were not explicitly used and the model coordinates were restrained to the x-ray coordinates by a penalty function, indicating that both methods can be applied successfully. The latter procedure is much faster, as it does not require calculation of structure factors and their derivatives, which is the major part of the computing time required for the first method. However, in this case, there is no discrimination between the different levels of accuracy at which atomic coordinates are defined and, in principle, all the atoms have the same potentiality to move. In a protein, positional errors can change considerably from one region to another as a result of local structural features of the model, although the largest errors will usually occur for those atoms that lie at the protein surface. The x-ray model reflects the different local order in high values of thermal parameters. In this respect, the differences between the two regularization procedures can be evidenced by the trend of the rms shift of atomic positions as a function of the thermal parameter for BS-RNase and RNase A. Although the overall rms shift is approximately equal for the two proteins, only in the first case was a definite positive correlation noted, showing that the better-defined atoms had moved less.
After the final minimization, the.rms shift was 0. of RNase A in which the alanine-19 had been replaced by proline ( Table 2 ). The results of the conformational searches are reported in Fig. 3 , in which the ECEPP energies of the predicted loops are plotted versus the rms deviations of residues 16-22 from the experimental structure. The rms deviations were computed after a superposition of the backbone atoms of the regions 10-15 and 23-28 of the predicted loop on corresponding atoms of the experimental structure. Prediction of the HP regions of BS-RNase and RNase A. Although the two chains of BS-RNase present quite similar structures (rms deviation of backbone atoms = 1.1 A), some local differences can be found. The major deviations are located in the external loop 65-72 and in the HP region. Superposing the regions 10-15 and 23-28 of the two chains, the rms deviation of residues 16-22 is higher than 3.0 A, even though in both of them a similar (3-turn (residues 18-21) is observed. The deviation is mainly due to the remaining residues and to a different orientation of the (3-turn. Because of these differences, the conformational analysis was carried out on the HP of both chains. The analysis of the final energy of these conformations versus the rms deviation with respect to the experimental structures of the loop (Table 2, Fig. 3 A and B) clearly shows that the lowest-energy models are very close to the experimental structures (rms deviation < 0.5 A).
Furthermore, the main structural feature (the 13-turn 18-21) of this peptide can be found in the lowest-energy structures (Fig.  4) . These results indicate that the prediction of the HP structure of both chains is correct. Similar results were obtained for the region 17-21 of RNase A; also in this case the lowest-energy conformation shows a low rms deviation (0.52 A) with respect to the experimental structure (Fig. 3 C) . However, it can be noted that most of the computed conformations show large deviations. This datum clearly indicates that the conformational space of the HP of RNase A is highly restricted by the rest of the protein. Prediction of HP region of Ala-19 -> Pro RNase A. Considering these findings, we studied the effect of substitution of a single residue in the RNase A sequence. In particular, to understand the effect of the proline on the noninterchanged folding, Ala-19 was replaced by a proline, according to the BS-RNase sequence. Since a cis-trans isomerization was proposed for a proline going from the noninterchanged to the interchanged folding (17) , both cis and trans proline conformations had to be considered. However, although the Palmer and Scheraga algorithm had successfully predicted several loops of RNase A, it did not find the correct conformation for the loop 112-116, which includes the cis-Pro-114 (4). The authors ascribed the failure to the large grid search (300) and to the ECEPP/2 parameters for the proline residue. Having updated the LOOP program according to the newer ECEPP/3 geometrical parameters, especially for proline, we tried to predict the same fragment (112-116) of RNase A, using a finer grid search (100). The results are quite different from those obtained by Palmer and Scheraga (4). In fact the lowest-energy conformation presents a very low rms deviation (0.6 A) from the experimental structure, showing the ability of the LOOP program, with new ECEPP parameters, to reproduce the experimental structure.
Since the insertion of a proline could produce significant deviations beyond the five residues during the conformational search on the loop 17-21, additional energy minimizations were performed, varying the conformation of residues 16 and 22. The five-residue grid search was, in fact, repeated, considering two conformational states (corresponding to the a-helix and extended regions in the Ramachandran plot) for residues 16 and 22, in addition to those found in the experimental RNase A structure (13) . At the end of this analysis the lowest-energy structure was significantly different from the experimental structure (rms deviation = 3.9 A) (Fig. 5) . Conformations with low rms deviation (=0.7 A) were found, but they presented much higher energies (-470 kcal/mol). These data indicate that a proline in position 19 causes a strong deformation of the structure of the HP, which assumes a more external conformation with a reduced number of interactions with the rest of the protein. This produces an increment of 9.0 kcal/mol of the nonbonded energy of the mutant with respect to the native RNase A. Finally, the energy of the lowest-energy structure with a cis-proline is much higher with respect to the lowest-energy conformation with a transproline, indicating that a cis-proline further destabilizes the noninterchanged folding. This result has recently been confirmed by NMR studies on the monomer of BS-RNase, where a trans conformation was found for Pro-19 (18) . CONCLUSION BS-RNase is so far the only known protein which exists as two stable conformational isomers both functionally active (11) . The two isomers differ for the interchange of the N-terminal segments (T domains), which occur through a 1800 rotation about the molecular twofold axis. Although structural details are known only for the MXM isomer (9) , there are strong indications that the two isomers present similar interactions between T and B domains and differ only for the structure of the HP. Under special conditions, RNase A also dimerizes to give molecular species characterized by the interchange of the T domains (19) . Despite the extensive interchain interactions arising from the swapped domains, the RNase A dimer probably does not have a definite quaternary structure, as the HP connecting the two domains may not be able to maintain a unique relative orientation of the two chains. Conversely, in the seminal enzyme, the rigid scaffold formed by the two interchain disulfides contributed by Cys-31 and Cys-32, together with Leu-28, involved in stabilizing interactions at the subunit interface (9) , freezes the relative positions of the two chains in a quatemary structure "prepared" for the swapping of the T domains. The equilibrium ratio between the two isomers is strictly related to the energy of the alternative conformations of the two HPs, as expressed in terms of their intrinsic propensities to adopt the required conformations, and of the contacts of each HP with the rest of the molecule. On this basis, we can classify the structural determinants of BS-RNase in two classes, which work at different levels of structural organization: the quaternary structural determinants, essentially represented by the half-cystines Cys-31 and Cys-32 and by , and the swapping structural determinants, which include residues of the HP and control the swapping of the T domains. The work described in the present paper was focused on the latter class of structural determinants.
Our calculations on RNase A and on the two chains of the Mx M dimer of BS-RNase considered separately were able to reproduce the structure of the HP observed in the crystals of the two enzymes. All the results indicate that (i) the method used was fully adequate, even when a proline was present in the loop, although a finer grid search may be necessary in this case, and (ii) the observed structures of the HP of the seminal enzyme are largely independent of the interchain interactions and of the packing. Successively, the relative importance of Pro-19 was analyzed in the context of the RNase A structure. The results clearly indicate that proline destabilizes the pancreatic folding of the HP, although the trans form is predicted to be more stable than the cis form.
In conclusion, the present calculations, together with the previous crystallographic results (9), strongly suggest that replacement of residues 28, 31, and 32 by the appropriate quaternary structural determinants Leu (20) , also on the basis of the present results, were able to prepare the recombinant tetramutant form of RNase A, which, indeed, was found to be in line with this expectation. It will be interesting in the future to design a HP which would give a fully interchanged MXM dimer.
The interplay of quaternary and swapping structural determinants provides BS-RNase with interesting new functional features, such as negative cooperativity and antitumoral activity. Indeed, the negative cooperativity effects are displayed only by the MxM isomer and are fully absent from the M= M dimer (11, 12) , indicating that the interchain disulfides, present in both dimers, are not the primary source of this effect. Site-site interactions are then associated with the interchange of the T domains, which produces composite active sites, and must be mediated by the HP. In this context, the observed difference in the conformation of the two hinge peptides of BS-RNase is of interest. The x-ray analysis (9) has revealed that half of the molecule (domains Ti and B2, where 1 (Fig. 6 ). This small shift and the conformational change observed for the two HPs are not dependent on packing interactions, as indicated by recent x-ray structural data on a different crystal form of the seminal enzyme (unpublished results), and are probably directly correlated. In the standardized models for the two chains, these differences were preserved and automatically taken into account in the calculations for loop modeling. It is interesting to note that the conformation for chain 2 was not present among the computed low-energy conformations of chain 1 and vice versa. This result is in full agreement with the previous suggestion (9) that the small shift between the two moieties of the molecule was large enough to induce the observed conformational change. Furthermore, an analysis of the population of the minimized conformations for the two HPs shows a clustering of the allowed conformations distinct in terms of the rms deviations from the reference structure (Fig. 7) . This result indicates that the accessible conformations of HP are not evenly distributed in the conformational space and that the peptide is scarcely prone to small modifications which would help to dissipate the effects of even small perturbations of the two endpoints. This behavior is expected for a structural fragment capable of transmitting a perturbation from one region to another. Detailed x-ray structural studies of the complexes of the MXM dimer with substrate analogues may provide more information on the functional relevance of these structural features.
Very recently, interchange of domains on aggregation has been discovered in a dimeric form of diphtheria toxin (21) . On the basis of this structure and of the results on BS-RNase (9, 11), Bennett et at (21) have proposed the attractive hypothesis, also discussed in an editorial (22) , that domain swapping could provide a much faster route toward oligomerization. It must be noted that the experimental data for ribonucleases indicate that the M= M dimer is formed first and the interchange of the T domains occurs successively (24) . Therefore, at least in this case, the quaternary structural determinants appear to be an important prerequisite for the swapping.
